The Ebola and Marburg filoviruses are highly pathogenic viruses that induce hemorrhagic fevers in humans and nonhuman primates (4, 28) . Mortality rates range as high as 88% (40, 55, 56) . Of the four identified strains of Ebola virus, Zaire, Ivory Coast, Sudan, and Reston, the Zaire strain induces the highest death rates in humans, while the Reston strain has not caused fatal disease in humans (27, 56) . The clinical syndrome includes generalized changes in capillary integrity, hypotension, coagulation disorders with variable degrees of hemorrhage, and widespread focal tissue destruction. Mononuclear phagocytic cells form the primary targets for filovirus replication, while endothelial cells serve as secondary targets.
Currently, no effective antiviral therapy is available for Ebola virus infection in humans. Understanding the molecular basis for Ebola virus infection could facilitate the development of new therapeutic approaches. Since viral entry is a very proximal step in the life cycle of the Ebola virus, this process merits further study.
Most studies of viral entry have been performed with either pseudotyped virions in infectivity assays or artificial cell-to-cell fusion assays. Almost without exception, the entry of the pseudotyped virus has been monitored with an enzyme or other biological marker that is expressed when the virus subsequently replicates. Thus, expression of the reporter gene reflects not only the early entry and fusion step but also many postfusion events. As such, these assays are not optimal for the study of virion fusion. Cell-to-cell fusion assays have several potential drawbacks, including pronounced differences in the density of envelope proteins displayed on transfected cells versus virions, differences in the membrane lipid composition of the virions and cells, and the inability of these assays to detect entry that is contingent upon endocytosis of virions.
Recently, a sensitive, specific, and quantitative assay that detects the fusion of human immunodeficiency virus type 1 (HIV-1) virions to target cells was described (7) . This assay utilizes HIV virions containing a chimeric ␤-lactamase-Vpr (BlaM-Vpr) protein. Because Vpr binds to the p6 component of the HIV-1 Gag polyprotein, this protein chimera is effi-ciently incorporated into newly formed virions. Subsequent fusion of these BlaM-Vpr-containing virions to target cells is detected by the cleavage of the fluorogenic substrate CCF2, which is loaded into the target cells. Endocytosis of HIV virions that do not fuse is not scored in this assay. Cleavage of the ␤-lactam ring in the CCF2 dye by the ␤-lactamase component of BlaM-Vpr alters the excited fluorescence emission spectrum of the dye from 520 nm (green) to 447 nm (blue). Fusion can be detected by either epifluorescence microscopy or flow cytometry. Because virtually all cell types are amenable to loading with CCF2, this assay can be used to study HIV-1 fusion in biologically relevant cellular targets, including primary CD4-expressing T lymphocytes and macrophages.
We hypothesized that it might be possible to study the entry and fusion properties of other viral envelopes by constructing pseudotyped HIV-1 virions where the HIV-1 envelope (Env) is replaced with the Env protein from a pathogenic virus of interest. We now describe the production of Ebola virus glycoprotein (GP) pseudotypes of HIV-1, validation of the assay, and the use of these pseudotypes to characterize new features of Ebola virus GP-mediated entry and fusion in biologically relevant target cells. dium containing nocodazole (0.4 to 10 M) or paclitaxel (0.8 to 20 M), respectively, for 30 min prior to experimentation. All of these drugs were maintained in the culture medium throughout the fusion assay. To examine the effects of microfilaments on the viral entry and fusion, cells were cultured with cytochalasin B (CytB) (Sigma-Aldrich) (0.2 to 20 M), cytochalasin D (CytD) (Sigma-Aldrich) (0.2 to 20 M), jasplakinolide (Jas) (Molecular Probes, Eugene, Oreg.) (0.04 to 1 M), or latrunculin A (LatA) (Molecular Probes) (0.04 to 1 M) for 30 min prior to the virion-based fusion assay. These agents were also maintained in the medium throughout the fusion experiments. To test the effects of the proinflammatory cytokines tumor necrosis factor alpha (TNF-␣) and interleukin 1␤ (IL-1␤), which are released by Ebola virus-infected monocytes/macrophages, HUVECs were treated with recombinant human TNF-␣ (0.1 to 10 ng/ml) (Biosource, Camarillo, Calif.) or IL-1␤ (10 to 1,000 pg/ml) (eBioscience, San Diego, Calif.) for 24 h prior to analysis in the virion fusion assay.
Pseudotyped virions. To produce the pseudotyped virions containing either the Ebola virus GP, VSV-G, or HXB2 envelopes, HEK293T cells were cotransfected with expression vectors encoding BlaM-Vpr, NL4-3⌬env, and Ebola virus GP, VSV-G, or HIV-1 HXB2 Env. After 48 h, virion-containing supernatants were harvested, centrifuged at low speed to remove cellular debris, and ultracentrifuged at 72,000 ϫ g for 90 min to concentrate the virions. Viral stocks were normalized based on p24-Gag content quantitated by enzyme-linked immunosorbent assay (Perkin-Elmer, Boston, Mass.).
Virion-based fusion assay. Target cells were incubated with virions containing BlaM-Vpr at 37°C for 3 h, washed in CO 2 -independent medium (Gibco-Invitrogen, Carlsbad, Calif.), and loaded with CCF2-AM dye at room temperature for 1 h as recommended by the manufacturer (Invitrogen, Carlsbad, Calif.). After two additional washes in medium, the BlaM-CCF2-AM reaction was allowed to develop at room temperature for at least 7 h in medium supplemented with 10% FBS and 2.5 mM probenecid, a nonspecific inhibitor of anion transport (SigmaAldrich). No antibiotics were added to the culture medium. Finally, cells were washed twice with PBS and fixed in a 1.2% paraformaldehyde solution prior to analysis. The change in emission fluorescence of CCF2 after cleavage by BlaMVpr was monitored by flow cytometry using a three-laser Vantage-SE flow cytometer (Becton Dickinson, San Jose, Calif.).
Immunofluorescence assays. HeLa cells were cultured to confluence on coverslips in six-well dishes. After exposure to various reagents, the cells were fixed in 3.7% formaldehyde, permeabilized with 0.5% Triton X-100, stained with anti-␣-tubulin monoclonal antibody (B-5-1-2 clone; Sigma-Aldrich), washed with 0.1% Tween 20, and stained with fluorescein isothiocyanate-conjugated antimouse immunoglobulin G (Jackson Immunoresearch Laboratories, West Grove, Pa.). The coverslips were then mounted on slides, and the cells were examined on an immunofluorescent microscope (Eclipse TE300; Nikon, Tokyo, Japan). For staining of actin filaments, cells on the coverslips were fixed, permeabilized with 0.1% Triton X-100, and stained with Texas Red-X phalloidin (Molecular Probes) or anti-␤-actin monoclonal antibody (Sigma-Aldrich) followed by staining with Texas Red-conjugated anti-mouse immunoglobulin G (Jackson Immunoresearch Laboratories). The coverslips were then analyzed on an immunofluorescent confocal microscope (Olympus BX60; Olympus, Tokyo, Japan).
RESULTS
Virion-based fusion assay using pseudotyped viruses. The incorporation of BlaM-Vpr protein into the pseudotyped virions was confirmed by immunoblotting of lysed virions with anti-Vpr polyclonal antibodies (Fig. 1A) . Pseudotyped viruses were prepared as described above, ultracentrifuged, and lysed in Laemmli sample buffer containing 5% 2-mercaptoethanol. Wild-type Vpr was detected in all virions, but the BlaM-Vpr chimera was detected only in the virions derived from cells cotransfected with the BlaM-Vpr expression vector DNA. Similarly, Ebola virus GP Env protein was detected in Ebola virus GP-pseudotyped virions by using an anti-Ebola virus GP monoclonal antibody (Fig. 1, lane 2 washed twice, loaded with CCF2-AM, and analyzed by flow cytometry. Although we observed no significant increase in blue fluorescence in the no-Env virus-infected control, ϳ8 to 9% of cells incubated with Ebola virus GP-pseudotyped virions and ϳ22% of cells incubated with VSV-G-pseudotyped virions displayed increased blue fluorescence (447 nm) (Fig. 1B) . These results suggest that the BlaM-Vpr protein chimera present in the pseudotyped virions can be used to detect entry and fusion of HIV-1 virions pseudotyped with either the Ebola virus GP or VSV-G proteins. However, additional studies of the properties of Ebola virus GP-mediated virion entry and fusion were required to validate that the entry pathway utilized was identical to that described for this filovirus.
Comparison of the time course of Ebola virus GPpseudotyped virion entry versus that of VSV-G-pseudotyped virions.
We next compared the time required for virion entry and fusion mediated by Ebola virus GP and VSV-G. A previous study demonstrated that Ebola virus GP-or Marburg virus GP-mediated entry occurs much more slowly (time required to reach 50% of the maximum entry and fusion events [T 1/2 ], 3 to 4 h) than VSV-G (T 1/2 of 1 to 1.5 h) (11) . Cells were incubated with Ebola virus GP-or VSV-G-pseudotyped virions at 4°C for 1 h and washed to remove unbound viral particles. Postadsorptive events required for entry and fusion were initiated by replacing the medium with prewarmed (37°C) medium and shifting the cells to 37°C. At the conclusion of each incubation, cells were washed with ice-cold PBS and treated with trypsin to remove surface bound virions. All the samples were loaded with CCF2-AM at the same time. Inspection of the time course for entry and fusion of Ebola virus GP-pseudotyped virions revealed a T 1/2 of ϳ50 min, while the VSV-G-pseudotyped virions displayed a T 1/2 of ϳ20 min ( Fig. 2A) . Although Ebola virus GP-mediated kinetics of virion entry were slower than those of VSV-G, in agreement with the previous study (11), the T 1/2 required for entry and fusion of both types of the virions was shorter. It is possible that these differences stem from the use of different target cells (HeLa in our studies and HEK293T in reference 11). Nevertheless, Ebola virus GP-pseudotypedvirion entry and fusion were approximately 2 to 2.5 times slower than VSV-G-pseudotyped-virion entry and fusion in both studies.
Cholesterol depletion from membranes impairs Ebola virus GP-pseudotyped-virion entry and fusion. Prior studies have implicated the involvement of lipid rafts in both filovirus budding and entry (3, 11) . In agreement with these prior studies, we found that disruption of lipid rafts by depletion of cholesterol with ␤-cyclodextrin produced dose-related decreases in the entry and fusion of Ebola virus GP-pseudotyped virions (Fig. 2B) . As a positive control, such treatment of ␤-cyclodextrin inhibited HIV-1 HXB2 Env-mediated entry and fusion (34, 41) . Conversely, the entry and fusion of VSV-G-pseudotyped virions, which are known to utilize the clathrin-mediated endocytotic pathway (49), were not impaired and in fact were slightly enhanced by ␤-cyclodextrin. These studies further suggest that the fusion events measured with the Ebola virus GP-pseudotyped virions reflect utilization of the expected postadsorptive pathway. Whether the pathway accessed by Ebola virus GP involves caveolae remains controversial (11, 44) .
Ebola virus entry and fusion are pH dependent and require vesicular acidification. Prior studies have suggested that Ebola virus GP-mediated entry and fusion require acidification within an internal vesicle (8, 50, 54) . To test whether acidification is required for detection of entry and fusion with Ebola virus GP-pseudotyped virions, target cells were pretreated with the vacuolar ATPase inhibitor bafilomycin A1 for 1 h at 37°C, followed by incubation with virions pseudotyped with Ebola virus GP, VSV-G, or HIV-1 HXB2 Env. Bafilomycin A1 treatment almost completely blocked the detection of entry and fusion mediated by Ebola virus GP and VSV-G but had little effect on fusion induced by HIV-1 HXB2 Env in these HeLa-CD4 cells (Fig. 2C) . Of note, bafilomycin A1 treatment has been shown to enhance HIV fusion or productive entry in other cell types, including primary CD4 T lymphocytes (43) and HeLa Magi cells (14) . These data confirm that acidification is required for the detection of Ebola virus GPpseudotyped-virion entry and fusion with the ␤-lactamase-Vpr reporter system. These kinetics, plus the dependence on cholesterol and vesicle acidification, support the notion that the Ebola virus GP-pseudotyped virions access the expected entryand-fusion pathway utilized by filoviruses.
Comparison of Ebola virus GP-pseudotyped-virion fusion to monocytes and macrophages.
Having validated the use of Ebola virus GP pseudotypes in the virion-based fusion assay, we next investigated entry and fusion of these pseudotyped virions in physiologically relevant target cells. Specifically, we incubated either primary monocytes or monocyte-derived macrophages, key targets of Ebola virus infection in humans, with virions pseudotyped with Ebola virus GP, HIV-1 HXB2 Env, or VSV-G for 3 h at 37°C. Entry and fusion of Ebola virus GPpseudotyped virions were detected in ϳ14% of the macrophages, while HIV-1 HXB2 Env-and VSV-G-mediated entry and fusion were detected in ϳ6 and ϳ76% of the macrophages, respectively (Fig. 3A) . Conversely, and consistent with prior results (17, 19, 42, 58) , Ebola virus GP pseudotypes did not detectably fuse to either unstimulated PBLs or phytohemagglutinin-activated PBLs (Ͻ0.05%; data not shown). It has (46) . Using matched monocytes and macrophages from six donors, we observed much lower levels of Ebola virus GPmediated entry and fusion with monocytes than macrophages (Fig. 3B) . These findings raise the possibility that key receptors required for efficient Ebola virus entry and fusion, while present on monocytes, may be upregulated as a consequence of the differentiation of monocytes into macrophages. Other postadsorption differences in the handling of the Ebola virus GP-pseudotyped virions could also contribute to these differences. Whether macrophages display a postfusion impairment in Ebola virus replication that could explain the differences in our results with those of Stroher et al. is unknown. Nevertheless, our findings reveal that monocytes display decreased susceptibility to Ebola virus GP-mediated entry and fusion compared with macrophages. Cytoskeletal proteins play a key role in Ebola virus GPmediated entry and fusion. Ebola virus enters target cells by an endocytic pathway (18) . Subsequent trafficking of internalized vesicles within the cell often depends on various components of the cytoskeleton. For example, the transfer of internalized cargoes from early endosomes to late endosomes is dependent on intact microtubules (36) . To assess whether microtubules are required for effective Ebola virus GP-mediated entry and fusion, we tested the effects of reagents that either inhibit or enhance microtubule assembly. Treatment of HeLa cells with nocodazole, which effectively disrupted microtubules based on staining with ␣-tubulin (Fig. 4A) , inhibited Ebola GP-mediated entry and fusion in a dose-dependent manner (Fig. 4B) . In contrast, entry and fusion of VSV-G and HIV-1 HXB2 Env pseudotypes were not affected by nocodazole. Similar differential effects on virion entry and fusion were obtained with colchicine, a second microtubule-disrupting agent (data not shown). In contrast, when cells were treated with taxol, which stabilizes microtubules by enhancing bundle formation (Fig.  4A) , a marked enhancement of Ebola virus GP-mediated entry and fusion was observed (Fig. 4C) . Consistent with the microtubule disrupting experiments, entry and fusion of VSV-G and HIV-1 HXB2 Env pseudotypes were not altered by pretreatment of the cells with taxol.
Next, we assessed whether paclitaxel altered the kinetics of entry and fusion mediated through Ebola virus GP. As described above, viruses and target cells were mixed and allowed to bind at 4°C. Such treatment at 4°C induces microtubule depolymerization (51) . We independently confirmed that cooling of HeLa cells to 4°C resulted in depolymerization of microtubules, based on differences in the immunostaining pattern obtained with anti-␣-tubulin antibodies (data not shown). Ebola virus GP-pseudotyped virions entered more rapidly in the presence of taxol than in the absence of taxol (Fig. 4D) . Conversely, taxol exerted no effects on the kinetics of entry and fusion observed with the VSV-G-pseudotyped virions. These findings further support the conclusion that intact microtubules play an important role in Ebola virus entry and fusion, perhaps due to microtubule-dependent trafficking of virus-containing vesicles within the cell to the site of fusion.
Next, we examined the effects of chemical agents that affect the integrity and/or function of actin filaments on the entry and fusion of Ebola virus GP pseudotypes. When HeLa cells were treated with CytB or CytD, we observed that actin filaments were disrupted based on staining with phalloidin ( Fig. 5A) and that the entry and fusion of Ebola virus GP pseudotypes were inhibited in a dose-dependent manner (Fig. 5B and C) . VSV-G-mediated entry and fusion were slightly attenuated. Both positive and negative effects of the cytochalasins have been previously described for VSV infection (20, 30, 48) . Consistent with a prior report (6) , HIV-1 HXB2 Env-mediated fusion was not affected by the cytochalasins. Treatment with LatA, which sequesters actin monomers (Fig. 5A) , also inhibited the entry and fusion of Ebola virus GP pseudotypes while not affecting either VSV-G or HIV-1 HXB2 Env-mediated entry and fusion (Fig. 5D) . We similarly tested Jas, which binds to and stabilizes actin filaments. No detectable labeling was observed by using phalloidin staining, consistent with the fact that Jas and phalloidin compete for the same binding on actin (5) . This result indicates that the phalloidin binding sites were occupied by Jas in these cells. Using antiactin antibodies for staining, we observed aggregation of actin filaments by Jas (Fig. 5A) , consistent with a recent report (6) . When the cells were treated with Jas, Ebola virus GP-mediated entry and fusion were inhibited in a dose-dependent manner (Fig. 5E ). In contrast, neither VSV-G nor HIV-1 HXB2 Env-mediated entry and fusion were affected. Together, these findings suggest that actin filaments also play a key role in the entry and/or fusion of Ebola virus GP pseudotypes.
TNF-␣ enhances Ebola virus entry and fusion. Several inflammatory cytokines, including TNF-␣, alpha interferon (IFN-␣), IFN-␥, and IL-1␤, are present in increased amounts in the plasma of patients infected with Ebola virus (1, 2, 33, 52). Increases in plasma TNF-␣ and IFN-␥ levels are associated with fatal infection, whereas elevated IL-1␤ and IL-6 during the symptomatic phase are often associated with nonfatal infection (1, 52) . These cytokines are also secreted by filovirus-infected monocytes and macrophages in vitro. However, the precise function of these cytokines in Ebola virusinduced pathogenesis remains controversial. Using the pseudotyped virion entry and fusion assay, we investigated whether these cytokines altered Ebola virus GP-mediated entry and fusion. Ebola virus GP-mediated entry and fusion were detectable in HUVECs; endothelial cells form important secondary cellular targets for Ebola virus infection in vivo, and their infection plays a key role in filovirus disease progression. When HUVECs were treated with TNF-␣ for 24 h and then cultured with Ebola virus GP or VSV-G pseudotypes, we observed enhanced entry and fusion of the Ebola pseudotypes but only slight inhibition of the entry and fusion of the VSV-G-pseudotyped virions (Fig. 6A) . In contrast, treatment with IL-1␤ for 24 h did not similarly enhance entry and fusion of Ebola virus GP-pseudotyped virions with HUVECs (Fig. 6B) . These enhancing effects of TNF-␣ did not appear to involve more extensive microtubule polymerization in the HUVECs, based on ␣-tubulin staining patterns (data not shown). These findings raise the possibility that TNF-␣, produced as a consequence of Ebola virus infection of macrophages, may increase the susceptibility of endothelial cells to infection with this viral pathogen. Infection of these endothelial cells likely plays a key role in the loss of capillary integrity observed in filoviral infections.
DISCUSSION
Insights into Ebola virus pathogenesis have been complicated by the highly pathogenic nature of this virus and the requirement for biosafety level 4 containment procedures for study of the infectious virus. We now describe studies of Ebola virus GP-mediated entry and fusion employing HIV-1 virions pseudotyped with Ebola virus GP and containing a BlaM-Vpr protein chimera that permits detection of the fusion of these virions. We confirmed what Ebola virus GP is effectively incorporated into BlaM-Vpr-containing HIV virions and that the entry and fusion of Ebola pseudotypes are detectable by flow cytometry in HeLa cells. Consistent with prior results, the entry and fusion of Ebola virus GP-pseudotyped virions occurred with slow kinetics, were blocked by depletion of membrane cholesterol, and were impaired by inhibition of vesicular acidification with bafilomycin A1. These properties validated the assay, permitting assessment of other properties of Ebola virus GP-mediated entry and fusion.
We found that both human monocytes and macrophages support entry and fusion of Ebola virus GP-pseudotyped virions. However, levels of entry and fusion were markedly higher in macrophages than in monocytes despite use of the same number of cells and the same multiplicity of infection. These results are somewhat at odds with a prior report indicating that the replication of filoviruses in monocytes was similar to that which occurs in macrophages (46) . It is possible that postfusion events in macrophages may slow productive infection in these cells, giving rise to comparable levels of infection in macrophages and monocytes. Our findings suggest that the changes in gene expression that accompany the differentiation of monocytes into macrophages are associated with the acquisition of increased receptivity to Ebola virus GP-mediated entry and fusion. In terms of the susceptibility of other primary cells to Ebola virus GP-mediated entry and fusion, we observed that neither resting PBLs nor mitogen-activated PBLs support this response. The latter findings are consistent with prior infection results obtained in vivo (17, 19, 42, 58) .
The endocytic pathway has many important cellular functions, including the uptake of extracellular nutrients, regulation of cell surface receptor expression, and antigen presentation. This pathway is also utilized by viruses, toxins, and microorganisms to gain entry into cells (36) . The cytoskeleton plays an important role in endocytosis, including the transfer of cargo from early to late endosomes and the transport of endocytosed proteins from one plasma membrane to another by transcytosis (36) . Microtubule-depolymerizing agents like nocodazole inhibit the uptake of bacteria, such as Listeria monocytogenes (31) , and transferrin (25) , which are transported from early endosomes to late endosomes. Entry of enveloped viruses, such as ecotropic murine leukemia virus, human enterovirus, simian virus 40, influenza virus, and vaccinia virus, similarly requires the presence of an intact microtubule network (16, 29, 32, 38, 47) .
To explore the potential requirement of microtubule-dependent virion transport prior to fusion, we investigated the effects of the microtubule-disrupting agent nocodazole and the mi- crotubule-stabilizing agent taxol on the entry and fusion of Ebola virus GP, VSV-G, and HIV-1 Env pseudotypes. Ebola virus GP-mediated virion entry and fusion were markedly attenuated by nocodazole and enhanced by taxol. Conversely, these drugs exerted no significant effects on VSV-G-mediated entry and fusion, which occur in early endosomes. These findings are consistent with the possibility that, after Ebola virions are internalized, they traffic to a more distal acidified compartment, possibly late endosomes, and that this trafficking requires intact microtubules. This requirement for an additional transport step, compared to VSV-G-pseudotyped virions, also could explain the slower kinetics of entry and fusion observed with Ebola virus GP-pseudotyped virions. Alternatively, the Ebola virus and VSV may utilize distinct cellular entry pathways that display a different dependence on microtubules. Finally, it is possible that disruption of microtubules could differentially alter the membrane distribution of key receptors required for Ebola virus GP-versus VSV-G-mediated entry and fusion. Actin filaments are also involved in endocytosis or internalization of several ligands and pathogens (10, 12, 15) . In terms of viruses, the entry of simian virus 40 utilizes an endocytic pathway that requires the presence of actin filaments (39) . However, the role of actin filaments in viral entry into mammalian cells remains rather controversial. To assess the role of actin microfilaments in Ebola virus GP-mediated entry and fusion, we tested CytB and CytD, which cap actin filaments, LatA, which sequesters actin monomers by binding to G-actin, and Jas, which stabilizes and promotes actin assembly on the entry and fusion of Ebola virus GP, VSV-G, and HIV-1 Env pseudotypes. Ebola virus GP-mediated entry and fusion were inhibited by treatment with each of these microfilament agents. Conversely, VSV-G-and HIV-1 Env-mediated entry and fusion were not significantly affected. These findings suggest that, in addition to microtubules, actin filaments play an important role in the events controlling Ebola virus GP-mediated entry and fusion.
The primary targets of Ebola virus infection are monocytes/ macrophages, which respond by producing and releasing large quantities of several chemokines and proinflammatory cytokines, including TNF-␣, IFN-␥, and IL-1␤ (13, 21, 24, 26, 46, 52) . Earlier studies using samples from the infected patients revealed that elevated levels of TNF-␣ (236 Ϯ 265 pg/ml) in plasma are often present in patients dying of Ebola hemorrhagic fever. Conversely, TNF-␣ levels are lower in patients experiencing nonfatal forms of infection (113 Ϯ 53 pg/ml) (52). These results contrast sharply with the elevations of plasma IL-1␤ that occur in nonfatal Ebola virus infection (ϳ15.2 to 28.3 pg/ml) versus the undetectable levels of IL-1␤ (Ͻ10 pg/ ml) in patients dying of this infection (1) . TNF-␣ released from infected monocytes/macrophages can produce sharp changes in vascular permeability through its effects on human endothelial cells (13) . We observed that levels of Ebola virus GPmediated entry and fusion occurring in HUVECs were increased in a dose-related manner after treatment of these cells with TNF-␣. This finding raises the possibility that changes in the level of filoviral entry and fusion into endothelial cells contributes to Ebola virus disease progression. Conversely, IL-1␤ exerts little or no effect on these entry and fusion events in endothelial cells. TNF-␣ did not appear to act by stabilizing microtubule formation in HUVECs, as shown in ␣-tubulin staining studies. Overall, these findings suggest that TNF-␣ production by macrophages infected with Ebola virus may in turn promote increased entry and fusion of the virus into key secondary cellular targets, namely, endothelial cells, thereby contributing to the profound compromise in vascular integrity observed in Ebola virus-induced disease.
On a more general note, our studies demonstrate that it is possible to adapt the HIV-1 virion-based fusion assay to study the entry properties conferred by other viral envelopes. Our studies have focused chiefly on Ebola virus GP-mediated entry, although VSV-G pseudotypes have also been successfully employed in our studies and those of Wyma et al. (57) . The availability of this rapid, sensitive, and specific virion fusion assay could thus facilitate further study of the envelopes of many pathogenic viruses. 
